Paracrine signaling by hydrogen peroxide (H~2~O~2~) induces neutrophil wound attraction^[@R6]^. However, it is not known what sensor detects H~2~O~2~ and mediates neutrophil recruitment. H~2~O~2~ can cross cell membranes and inactivate tyrosine phosphatases through oxidation of the catalytic cysteine^[@R7]--[@R11]^. Cysteine oxidation also regulates protein kinases^[@R12]--[@R15]^. We used zebrafish, which are a powerful system to study vertebrate immunity^[@R6],\ [@R16]--[@R19]^, to identify a mechanism by which neutrophils detect wound-induced H~2~O~2~. While searching for a neutrophil redox sensor, we found that Src family kinases (SFKs) are activated in neutrophils around wounds. We detected autophosphorylation of the activation loop tyrosine of SFKs at 30 minutes post tail transection in 3 days-post-fertilization (dpf) larvae ([Fig. 1a,b,c](#F1){ref-type="fig"}). Phosphorylated SFKs displayed a punctate appearance at the neutrophil leading edge and the autophosphorylation depended on wounding ([Fig. 1b,c](#F1){ref-type="fig"}, [Supplementary Fig. 2a,b](#SD1){ref-type="supplementary-material"}). SFKs maintain inhibitory intramolecular interactions in an inactive state, while dephosphorylation of the C-terminal phosphotyrosine releases the inhibitory configuration, allowing trans-autophosphorylation of the activation loop tyrosine, thereby activating SFKs^[@R20]--[@R23]^. Additionally, emerging evidence suggests cysteine redox-mediated regulation of SFKs^[@R13],\ [@R15]^. Several cysteines are implicated in the redox regulation of cSrc^[@R13],\ [@R15]^, but redox regulation of other SFKs is poorly understood.

To investigate whether H~2~O~2~ is involved in SFK autophosphorylation in neutrophils, we inhibited NADPH oxidase (NOX) enzymes with diphenyleneiodonium (DPI)^[@R6]^. DPI attenuated SFK phosphorylation in neutrophils after wounding ([Supplementary Fig. 2c,d](#SD1){ref-type="supplementary-material"}). To distinguish H~2~O~2~ production from neutrophils versus wounds, we used morpholino antisense oligonucleotides to interfere with pre-mRNA splicing of dual oxidase (duox), which is responsible for H~2~O~2~ generation at wounds, but not in neutrophils^[@R6]^. Duox knockdown inhibited SKF phosphorylation in neutrophils ([Fig. 1d,e](#F1){ref-type="fig"}), indicating that SFK phosphorylation depends on the H~2~O~2~ burst at wounds.

We found that treatment with SFK inhibitors impaired early accumulation of neutrophils at wounds ([Fig. 1f,g](#F1){ref-type="fig"}, [Supplementary Fig. 2e,f](#SD1){ref-type="supplementary-material"} and [Supplementary Fig. 3a,b](#SD1){ref-type="supplementary-material"}). We focused on early recruitment of neutrophils to wounds at 0.5--1h post wounding throughout this study, because within this time frame the H~2~O~2~ burst occurs^[@R6]^ ([Supplementary Movie 1](#SD1){ref-type="supplementary-material"}) and neutrophil accumulation is roughly linear^[@R18],\ [@R19]^. Addition of PP2 at 1h post wounding did not disturb resolution of inflammation, which is mediated by neutrophil reverse migration from wounds^[@R16],\ [@R19]^ ([Supplementary Fig 3c.d](#SD1){ref-type="supplementary-material"}). SFK inhibition did not impair H~2~O~2~ burst at wounds ([Fig. 1h](#F1){ref-type="fig"} and [Supplementary Movie 1](#SD1){ref-type="supplementary-material"}) or neutrophil motility in the cephalic mesenchyme^[@R18]^ ([Supplementary Fig. 2g,h](#SD1){ref-type="supplementary-material"} and [Movie 2](#SD1){ref-type="supplementary-material"}). Injection of H~2~O~2~ into the otic cavity, or bath application of H~2~O~2~ following wounding recruited neutrophils, which was impaired by SFK inhibition ([Supplementary Fig. 4a,b,c,d,e,f](#SD1){ref-type="supplementary-material"}). We also performed an in vitro chemotaxis assay using human neutrophils. Consistent with mouse neutrophils^[@R3]^, H~2~O~2~ directly attracted human neutrophils ([Fig. 1i](#F1){ref-type="fig"}). Two structurally different SFK inhibitors impaired chemotaxis to H~2~O~2~ ([Fig. 1i](#F1){ref-type="fig"}) while SFK inhibition enhanced chemotaxis to fMLP ([Supplementary Fig. 4g](#SD1){ref-type="supplementary-material"}).

To identify specific SFKs that mediate neutrophil wound responses, we purified zebrafish myeloid cells by fluorescence-activated cell sorting and performed reverse transcription polymerase chain reaction (RT-PCR)^[@R19]^ ([Supplementary Fig. 5a](#SD1){ref-type="supplementary-material"}). Among the nine SFKs in mammals, Lyn, Fgr and Hck are myeloid specific^[@R20],[@R24]^. Analysis of EST profiles in UniGene (NCBI) suggested that Lyn, Hck, Yrk and Src might be expressed in zebrafish leukocytes. RT-PCR detected lyn in neutrophils and lyn and yrk in macrophages ([Fig. 2a](#F2){ref-type="fig"}). In situ hybridization detected lyn mRNA in the caudal hematopoietic tissue (CHT) as well as in the pronephric ducts and neuromasts ([Fig. 2b](#F2){ref-type="fig"}). Lyn, which is phylogenetically conserved ([Supplementary Fig. 5b](#SD1){ref-type="supplementary-material"}), is expressed in all leukocytes except T lymphocytes in mammals, and its deficiency in mice leads to myeloproliferation and autoimmunity^[@R24]--[@R26]^. Lyn-deficient neutrophils display an exaggerated response to adhesion signals and weakened response to several chemokines in vitro, but its role in neutrophils in vivo is not clear^[@R24],\ [@R27]^. To knockdown zebrafish Lyn, we designed two morpholinos to target pre-mRNA splice sites ([Fig. 2c](#F2){ref-type="fig"}). Both morpholinos attenuated neutrophil accumulation at wounds ([Fig. 2d](#F2){ref-type="fig"}). Lyn knockdown increased the number of total neutrophils in the CHT ([Supplementary Fig 5c,d](#SD1){ref-type="supplementary-material"}), consistent with the myeloproliferation of lyn-deficient mice^[@R24]--[@R26]^. Live imaging demonstrated that Lyn depletion impaired neutrophil directional migration towards wounds ([Fig. 2 e,f,g](#F2){ref-type="fig"} and [Supplementary Movie 3](#SD1){ref-type="supplementary-material"}). Macrophage wound attraction was inhibited by PP2 or DPI but not Lyn knockdown ([Supplementary Fig. 6a,b](#SD1){ref-type="supplementary-material"}). Lyn knockdown also inhibited neutrophil responses to bath H~2~O~2~ ([Supplementary Fig. 7a,b](#SD1){ref-type="supplementary-material"}). To investigate specificity, we used LTB~4~, which attracts zebrafish neutrophils^[@R17]^. Bath LTB~4~ induced dissemination of neutrophils into fins, which was not prevented by either DPI or Lyn knockdown ([Supplementary Fig. 7c,d,e,f](#SD1){ref-type="supplementary-material"} and [Supplementary Movie 4](#SD1){ref-type="supplementary-material"}). Lyn depletion also inhibited the wound-induced SFK autophosphorylation in neutrophils ([Fig. 2h,i](#F2){ref-type="fig"}), indicating that Lyn is primarily responsible for SFK phosphorylation in neutrophils.

We hypothesized that Lyn might be a neutrophil redox sensor that detects H~2~O~2~ at wounds. When we expressed Lyn fused to GFP at its C-terminus in HEK293 cells, which produce H~2~O~2~ via NOX4^[@R28]^, phosphorylation of Lyn activation loop tyrosine was detected ([Fig. 3a](#F3){ref-type="fig"}). This autophosphorylation of Lyn partly depended on endogenous reactive oxygen species (ROS), because NOX inhibition by DPI decreased Lyn phosphorylation ([Fig. 3a,b](#F3){ref-type="fig"}). Because endogenous ROS could also work on phosphatases and other kinases, we took a Lyn-specific approach. We created two cysteine mutants C224A and C466A, mutating each cysteine to alanine, based on the importance of the corresponding residues in cSrc^[@R13]^ and phylogenetic conservation. When expressed in HEK293 cells, C466A had impaired autophosphorylation while C224A was phosphorylated similarly to Lyn WT ([Fig. 3c,d](#F3){ref-type="fig"}). Cysteine 466 (C466) is located at the C-terminus of the kinase domain and is phylogenetically conserved ([Supplementary Fig. 8a](#SD1){ref-type="supplementary-material"}). To investigate whether H~2~O~2~ activates Lyn directly through C466 oxidation, we performed an in vitro kinase assay. After immunoprecipitation of Lyn, we added 15 μM H~2~O~2~, which is consistent with concentrations that attract neutrophils in vitro^[@R3]^ ([Fig. 1i](#F1){ref-type="fig"}) and in vivo^[@R6]^. H~2~O~2~ directly activated Lyn WT but not C466A ([Fig. 3e,f](#F3){ref-type="fig"}). Importantly, C466A was activated by magnesium, which is necessary for the kinase reaction with ATP, similarly to WT ([Fig. 3g,h](#F3){ref-type="fig"}), suggesting that C466 regulates the redox-specific function of Lyn rather than the basal activity. We also detected reduced cysteines in Lyn by biotinylated iodoacetamide (BIAM) labeling^[@R13]^ and found that the C466A was slightly but significantly more reduced than WT ([Supplementary Fig. 8b,c](#SD1){ref-type="supplementary-material"}), which is consistent with the idea that Lyn has multiple cysteines which could be oxidized. Because mitogen-activated protein kinases (MAPKs) are activated downstream of ROS and SFKs^[@R29]^, we investigated the effects of Lyn expression on MAPKs. Ectopic expression of Lyn in HEK293 cells, where Lyn is activated by endogenous ROS ([Fig. 3a,b](#F3){ref-type="fig"}), activated Erk but not JNK or p38 ([Supplementary Fig. 8d](#SD1){ref-type="supplementary-material"}). This Lyn-induced activation of Erk was attenuated in cells expressing Lyn C466A compared to Lyn WT ([Supplementary Fig. 8e,f](#SD1){ref-type="supplementary-material"}). Collectively, our data indicate that H~2~O~2~ directly activates Lyn through oxidation of C466, which activates downstream signaling. We also found that C468 in human Lyn, which corresponds to C466 of zebrafish Lyn, has similar functions in regulating Lyn autophosphorylation and oxidation and Erk activation ([Supplementary Fig. 9a,b,c,d,e](#SD1){ref-type="supplementary-material"}).

To investigate the importance of Lyn C466 during neutrophil wound responses, we established two transgenic zebrafish lines, which express Lyn WT-GFP and C466A-GFP at similar levels in neutrophils ([Supplementary Fig. 10a,b,c,d](#SD1){ref-type="supplementary-material"}). We injected lyn morpholino, which does not inhibit the transgenes, into these transgenic animals. Lyn morpholino did not inhibit neutrophil accumulation at wounds in transgenic larvae expressing Lyn WT in neutrophils, although it impaired neutrophil recruitment in wild-type clutchmates ([Fig. 4a,b](#F4){ref-type="fig"}), indicating that Lyn regulates neutrophil wound responses cell-autonomously. When we injected lyn morpholino in the transgenic line expressing Lyn C466A in neutrophils, Lyn knockdown inhibited neutrophil wound responses in the transgenic larvae ([Fig. 4c,d](#F4){ref-type="fig"}). These data demonstrate that C466, which is necessary for H~2~O~2~-induced Lyn activation, mediates neutrophil responses in vivo. We also investigated the importance of the cysteine to signaling downstream of Lyn in neutrophils in vivo. Erk phosphorylation was detected in puncta at the leading edge of neutrophils around wounds ([Supplementary Fig. 11a](#SD1){ref-type="supplementary-material"}), which is reminiscent of phosphorylated SFKs ([Fig. 1b](#F1){ref-type="fig"}). Lyn knockdown impaired Erk activation in neutrophils ([Supplementary Fig. 11b,c](#SD1){ref-type="supplementary-material"}), which was reversed by transgenic expression of Lyn WT in neutrophils but not the C466A mutant, supporting the importance of C466 in vivo ([Supplementary Fig. 11d,e,f,g](#SD1){ref-type="supplementary-material"}). Furthermore, Erk inhibition impaired neutrophil wound attraction ([Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}).

In conclusion, we have found, for the first time, that Lyn acts as a direct redox sensor that mediates neutrophil wound responses in vivo ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). Oxidation of cSrc regulates its activity, but whether it leads to inhibition or activation has been controversial^[@R13],\ [@R15]^. Oxidative stress activates Lyn in neutrophils, but whether activation is direct or indirect was not known^[@R30]^. Here we have shown that Lyn is activated through direct oxidation of C466 and provide in vivo relevance. Because we did not detect oligomerization of Lyn in non-reducing SDS-PAGE (data not shown), oxidation at C466 might regulate an intramolecular conformation. H~2~O~2~ can cross the plasma membrane through aquaporins^[@R8],\ [@R11]^. How redox sensing by Lyn is transformed into directional migration remains to be determined. Activation of Lyn and Erk at the neutrophil front suggests that Lyn might regulate the neutrophil leading edge. Lyn is unique for its dual roles in regulating both inhibitory signaling by phosphatases such as SHIP and activating signaling by MAPKs^[@R24]--[@R26]^ ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}). How the opposing positive and negative signaling is coordinated is poorly understood. Because the phosphatases comprising Lyn's inhibitory pathway are inactivated by oxidation^[@R9],[@R10]^, we speculate that H~2~O~2~ may have two effects on Lyn's function to orchestrate neutrophil wound responses: oxidation-mediated activation of Lyn and inhibition of the redox-sensitive inhibitory signaling downstream of Lyn ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}).

Methods Summary {#S1}
===============

Adult AB zebrafish and larvae were maintained as described previously^[@R18]^. For live imaging or wounding assay, larvae were anesthetized in E3 containing 0.2 mg/mL Tricaine. To prevent pigment formation, some larvae were maintained in E3 containing 0.2 mM N-phenylthiourea. For morphoino experiments, 2.5--3 dpf larvae were used. For experiments without morpholinos, 3--3.5 dpf larvae were used. Confocal immunofluorescence images were acquired with a confocal microscope (FluoView FV1000, Olympus) using a NA 0.75/20x objective or a NA 1.45/60x oil immersion objective lens. Morpholino oligonucleotides (Gene Tools) in Danieau buffer were injected into 1-cell-stage embryos. Duox splice morpholino (100μM) was injected with p53 morpholino (300 μM) as previously described^[@R6]^. Lyn splice morpholino lyn MO1 (5′-TCAGACAGCAAATAGTAATCACCTT-3′) (500 μM) or lyn splice morpholino lyn MO2 (5′-GAGTCTGTATTTCAGTACCATTAGC-3′) (500 μM) was used (Danieau buffer as a control). To generate transgenic lines, 1 nL of solution containing 12.5 ng/μL DNA plasmid (tol2-mpx-lyn-GFP or tol2-mpx-lyn C466A-GFP) and 17.5 ng/μL transposase mRNA was injected into the cytoplasm of one-cell stage embryos. Injected embryos were raised to sexual maturity and screened by crossing with wild-type fish to identify founders. F1 embyros were identified by GFP expression and raised to sexual maturity. Experiments were performed on progeny of F1 or F2 outcross with wild-type fish. HEK293 cells were cultured in DME containing 10% FCS. Cells were transfected using Lipofectamine 2000 (Invitrogen).

Full methods {#S2}
============

Zebrafish maintenance and general procedures {#S3}
--------------------------------------------

Adult AB zebrafish and larvae were maintained as described previously^[@R18]^. For live imaging or wounding assay, larvae were anesthetized in E3 containing 0.2 mg/mL Tricaine (ethyl 3-aminobenzoate, Sigma Aldrich). To prevent pigment formation, some larvae were maintained in E3 containing 0.2 mM N-phenylthiourea (PTU, Sigma Aldrich). For morphoino experiments, 2.5--3 dpf larvae were used. For experiments without morpholinos, 3--3.5 dpf larvae were used. When drugs were used, larvae were pretreated at least for 1h before experiments unless otherwise indicated (10--20 μM PP2, 10 μM PP1, 50--100 μM DPI, 100 μM PD98059, 20 μM U0126). Tail transection was performed on 2.5--3 dpf larvae using a razor blade. Tail fins of 3--3.5 dpf larvae were wounded with a needle. For application of exogenous H~2~O~2~, we injected one nl of 10 μM H~2~O~2~ into the otic cavity of 3 dpf larvae or bathed 2.5--3 dpf larvae in E3 containing 100 μM H~2~O~2~ following tail transection. For bath application of LTB~4~, 2.5--3 dpf larvae were bathed in E3 containing 30 μM LTB~4~.

Immunofluorescence and Sudan Black staining {#S4}
-------------------------------------------

Thirty minutes after tail transection, 2.5--3 dpf larvae were fixed with 1.5% formaldehyde in 0.1 M PIPES, 1.0 mM MgSO~4~ and 2 mM EGTA overnight at 4°C and immunolabeled as previously described^[@R19]^. We used the following primary antibodies: rabbit anti-MPX antibody^[@R19],\ [@R31]^ at 1:300, rabbit anti-L-Plastin antibody^[@R19],\ [@R31]^ at 1:300, rabbit anti-phospho-Src family (Tyr416) antibody (Cell Signaling, \#2101) at 1:300, rabbit anti-phospho-Src family (Tyr416) antibody (Cell Signaling, D49G4) at 1:300, mouse anti-phospho-Erk1/2 (T185, Y187, T202, Y204) antibody (Abcam, ab50011) at 1:300. For pSFKs staining, the rabbit anti-phospho-Src family (Tyr416) antibody (Cell Signaling, \#2101) was used except [Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}, which was stained with the rabbit anti-phospho-Src family (Tyr416) antibody (Cell Signaling, D49G4). DyLight 488-or 549-conjugated IgG antibodies (Jackson ImmunoResearch) were used as secondary antibodies. Sudan Black staining was performed as previously described^[@R18],\ [@R19]^.

FACS and RT-PCR {#S5}
---------------

Dissociated cells of *Tg(mpx:Dendra2)* at 3 dpf were sorted by FACS as previously described^[@R19]^. RNA was isolated using the RNeasy Mini Kit (Qiagen) and one-step RT-PCR (Qiagen) was performed. Primers for c-fms, mpx and ef1α have been previously described^[@R31]^. Other oligo sequences were as follows:

1.  hck forward, 5′-TGCCAGTCTCTCACCTCTCC-3′

2.  hck reverse, 5′-GCCGAAAGACCACACATCGG-3′

3.  lyn forward, 5′-CGAAAGCTGGATAAAGCATGCG-3′

4.  lyn reverse, 5′-CTGCTCTCAGGTCTCGGTGG-3′

5.  yrk forward, 5′-CAGATCATGAAGAGGCTCCGTC-3′

6.  yrk reverse, 5′-CCTGCTCCAGCACCTCTCGG-3′

7.  src forward, 5′-ACGGCCTGTGCCACTCCCTG-3′

8.  src reverse, 5′-CCGTACAGAGCTGCCTCCGG-3′

Morpholino injection and RT-PCR {#S6}
-------------------------------

Morpholino oligonucleotides (Gene Tools) in Danieau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES pH 7.1--7.3) were injected (1 nL) into 1-cell-stage embryos. Duox splice morpholino (5′-AGTGAATTAGAGAAATGCACCTTTT-3′) (100μM) was injected with p53 morpholino (5′-GCGCCATTGCTTTGCAAGAATTG-3′) (300 μM) as previously described (p53 morpholino (300 μM) was used as a control)^[@R6]^. Lyn splice morpholino lyn MO1 (5′-TCAGACAGCAAATAGTAATCACCTT-3′) (500 μM) or lyn splice morpholino lyn MO2 (5′-GAGTCTGTATTTCAGTACCATTAGC-3′) (500μM) was used (Danieau buffer as a control). For morphotyping of the splicing morpholinos, RNA was prepared from 2.5--3 dpf larvae using TRIzol (Invitrogen) and one-step RT-PCR (Qiagen) was performed. Primers for duox have been described previously^[@R6]^. Other oligo sequences were as follows:

1.  lyn forward (for lyn MO1), 5′-GCGAGGTCTTTGACCACACG-3′

2.  lyn reverse (for lyn MO1), 5′-CGCATGCTTTATCCAGCTTTCGAC-3′

3.  lyn forward (for lyn MO2), 5′-CGAAAGCTGGATAAAGCATGCG-3′

4.  lyn reverse (for lyn MO2), 5′-CTGCTCTCAGGTCTCGGTGG-3′

Whole-mount in situ hybridization {#S7}
---------------------------------

For in situ hybridization, 1 kb of zebrafish lyn C-terminus was amplified with the T7 promoter by RT-PCR (5′-CGTAGACGCTCAGGGCCAGG-3′ and 5′-GATCACTAATACGACTCACTATAGGGTCATGGCTGCTGCTGGTACTGG-3′) using mRNA from 3dpf larvae as a template. Digoxigenin-labeled RNA probe was transcribed with the use of T7 RNA polymerase (Ambion). The mpx probe was transcribed as previously descrbed^[@R32]^. 3 dpf larvae were fixed in 4% paraformaldehyde in PBS and mRNA was labeled by in situ hybridization using the previously described protocol^[@R33]^.

Image acquisition and analysis {#S8}
------------------------------

Confocal immunofluorescence images were acquired with a confocal microscope (FluoView FV1000, Olympus) using a NA 0.75/20x objective or a NA 1.45/60x oil immersion objective lens. Z-series were acquired using 260--600 μm pinhole. For quantification of fluorescence intensity of pSFK and pErk in neutrophils, the median intensity of a square with three-pixel sides was measured at a single z-plane and the highest median intensity within each neutrophil was utilized. For H~2~O~2~ imaging, HyPer fluorescence was excited with 405 nm and 488 nm lasers, and emission wavelengths 505--510 and 510--525 nm (dichroic mirror: SDM510, band pass filter: BA505--525) were acquired using the sequential line scanning. Ratiometric analysis was performed by using FluoView FV1000 software (Olympus) after Z-series stacking as previously described^[@R18]^. Neutrophils were tracked and analyzed by using plugins MTrackj (3D tracking), Manual tracking (2D tracking) and Chemotaxis and Migration tool (ibidi) for ImageJ (NIH, Bethesda, MD). The percentage of neutrophils that accumulate at wounds was calculated by dividing the number of neutrophils that arrived at a wound during 30 minutes post wounding by the total number of neutrophils in a region that is 400--500 μm distant from the wound margin. A Nikon SMZ-1500 stereomicroscope (Nikon) was used for imaging of larvae labeled with Sudan Black staining and in situ hybridization and time-lapse analysis of *Tg(mpx:Dendra2)*.

Photolabeleing of neutrophils {#S9}
-----------------------------

Neutrophils at wounds were photolabeled as previously described^[@R19]^. *Tg(mpx:Dendra2)* at 3dpf were wounded with a razor blade. At one hour after wounding, larvae were treated with DMSO or PP2 and neutrophils at wounds were were photolabeled by photoconverting fluorescence of Dendra2 from green (488 nm) to red (543). For photoconversion, a 405 nm laser was focused into an area of interest for 20--30 s with 20--30% power 10.0 μ/pixel (tornado function). Photolabeled neutrophils were tracked up to 9.5h post wounding

Plasmid construction and in vitro transcription {#S10}
-----------------------------------------------

The plasmid for zebrafish lyn WT expression in HEK293 cells was constructed by subcloning codon-optimized lyn WT ([Supplementary Fig. 12a](#SD1){ref-type="supplementary-material"}) into pEGFP-N1 vector (clontech). Humanization and optimization of codon usage was performed (GenScript) due to poor expression of original zebrafish lyn in HEK293 cells. Lyn mutants (C466A, C224A and Y506F) in pEGFP-N1 were made by overlap PCR mutagenesis. Codon optimized lyn WT-GFP or C466A-GFP was subcloned into the backbone vector with the mpx promoter^[@R16]^, minimal tol2 elements^[@R34]^ and a SV40 polyadenylation sequence as previously described^[@R18],\ [@R19]^. HyPer^[@R35]^ was subcloned into the pCS2+ vector, linearized by Not1 and in vitro transcribed by SP6 RNA polymerase (Invitrogen). The plasmid for human lyn WT expression in HEK293 cells was constructed by subcloning codon-optimized human lyn WT ([Supplementary Fig. 12b](#SD1){ref-type="supplementary-material"}) into pEGFP-N1 vector (clontech). Human lyn C468A in pEGFP-N1 was made by overlap PCR mutagenesis.

Cells and transfection {#S11}
----------------------

HEK293 cells were cultured in DME containing 10% FCS. Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction. Cells were treated with DPI for 6--7 hours before lysis in [Figure 3a](#F3){ref-type="fig"}.

Immunoblot analysis {#S12}
-------------------

HEK293 cells were lysed in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40, 5% glycerol, 1 mM MgCl~2~, 1 mM MnCl~2~, 20 mM NaF, 1 mM Na~3~VO~4~, 1 mM dithiothreitol, 0.2 mM PMSF, 1 μg/ml pepstatin, 10 μg/mlaprotinin, 5 μg/ml leupeptin, Phosphatase Inhibitor Cocktail 2 (Sigma) at 1:1000). Whole-cell lysates were subjected to analyses by immunoblotting with an Infrared Imaging System (Odyssey; LI-COR Biosciences) as previously described^[@R36]^. Antibodies against phospho-Src family (Tyr416) (Cell Signaling, \#2101), GFP (Clontech, JL-8), phospho-Erk1/2 (Abcam, ab50011), Erk1/2 (BioSource, 44654G), phospho-Erk5 (Sigma, E7153), Erk5 (Santa Cruz, 12F2), phospho-JNK (Santa Cruz, G-7), JNK (BioSource, 44690), phospho-p38 (Calbiochem, 506124) and p38 (BioSource, 2F11) were purchased commercially.

Immunoprecipitation and in vitro kinase assay {#S13}
---------------------------------------------

Twenty four hours after transfection of Lyn WT-GFP or Lyn C466A-GFP, HEK293 cells were treated with 5 μM PP2 for 2--4 h to inactivate the basal activity of Lyn. Cells were lysed in cRIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM EGTA, 1mM Na~3~VO~4~, 1 mM dithiothreitol, 0.2 mM PMSF, 10 μg/ml aprotinin, 5 μg/ml leupeptin, 1 μM PP2, 0.1% SDS, 0.5% sodium deoxycholate). Lyn-GFP was immunoprecipitated with anti-GFP serum (Invitrogen) and GammaBind G-Sepharose beads (GE Healthcare). The immune complex was washed twice with cRIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM EGTA, 0.1% SDS, 0.5% sodium deoxycholate) and twice with kinase buffer (10 mM Tris-HCl, pH7.5, 5 mM MgCl~2~). The immunoprecipitate was treated with or without 15 μM H~2~O~2~ in kinase buffer (40 μL) containing 100 μM ATP and 0.5 μg Sam68^[@R37]^ (Santa Cruz) at room temperature for 45 seconds with continuous mixing^[@R38]^. The reaction was stopped by addition of 5x sample buffer and the immunocomplexes were separated by SDS-PAGE and probed with anti-phosphotyrosine antibody (4G10 Platinum, Millipore). The precipitated Lyn and Sam68 were detected by Amido black staining. When we performed the kinase assay to examine effects of magnesium on Lyn activity ([Fig. 3g,h](#F3){ref-type="fig"}), MgCl~2~ was removed from kinase buffer for washing and the immunoprecipitate was treated with or without 5 mM MgCl~2~ during the kinase assay.

BIAM-mediated carboxymethylation {#S14}
--------------------------------

Twenty four hours after transfection, HEK293 cells were lysed in cRIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM EGTA, 1mM Na~3~VO~4~, 0.2 mM PMSF, 10 μg/mlaprotinin, 5 μg/mlleupeptin, 0.1% SDS, 0.5% sodium deoxycholate) containing 100 μM BIAM (Invitrogen). Lyn-GFP was immunoprecipitated with anti-GFP serum (Invitrogen) and GammaBind G-Sepharose beads (GE Healthcare). The immunocomplexes were separated by SDS-PAGE and probed with anti-GFP antibody (JL-8, Clontech) and IRDye 680 Streptavidin (LI-COR Biosciences).

Generation of *Tg(mpx:Lyn-GFP)* and *Tg(mpx:Lyn C466A-GFP)* {#S15}
-----------------------------------------------------------

One nanoliter of solution containing 12.5 ng/μL DNA plasmid (tol2-mpx-lyn-GFP or tol2-mpx-lyn C466A-GFP) and 17.5 ng/μL transposase mRNA was injected into the cytoplasm of one-cell stage embryos. Injected embryos were raised to sexual maturity and screened by crossing with wild-type fish to identify founders. F1 embryos were identified by GFP expression and raised to sexual maturity. Experiments were performed on progeny of F1 or F2 outcross with wild-type fish.

Purification of human neutrophils and in vitro chemotaxis assay {#S16}
---------------------------------------------------------------

Blood was obtained from healthy donors with informed consent. Neutrophils were purified using Polymorphprep (Nycomed Pharma AS). Purified neutrophils were suspended in HBSS containing 5% FBS and 25 mM HEPES at 1.5--2.5 × 10^7^ cells/ml. Cells were pretreated with DMSO, 10 μM PP2 or 10 μM SU6656 for 30 minutes. The under agarose assay was performed as previously described^[@R39]^ with minor modification. Plastic tissue culture dishes (35 mm diameter) were filled with 3 ml of a 1.2% agarose solution containing 50% HBSS and 50% RPMI-1640 with 20% FBS. After the agarose solidified, four series of three wells, 2 mm in diameter and spaced 2 mm apart, were made. The center well of each three-well series was loaded with 20 μl of neutrophils (1.5--2.5 × 10^7^ cells/ml) and the outer wells were loaded with chemoattractants (10 μM H~2~O~2~ or 100 nM fMLP) and HBSS. Once loaded, the gels were incubated for 1h in a 37°C/5% CO~2~ incubator. Cells were fixed with methanol for a few hours, and with 37% formaldehyde overnight. After fixation, the gels were carefully removed and cells were stained using a Hema-3 stain kit (Thermo Fisher Scientific). For quantification, four dishes were used for each condition. Cells were imaged using a Nikon SMZ-1500 stereomicroscope (Nikon) and acquired pictures were thresholded to generate binary images. Pixel intensities of binary images on each side of the center well were quantified by MetaView software. The pixel intensity on the chemoattraction side was divided by the intensity on the buffer side. The geometric mean of 16 values (Each of four dishes has four series of three wells) was calculated for each condition. The means of three separate experiments were calculated and shown with SEM.

Statistics {#S17}
----------

All error bars indicate standard errors of means (SEM). For quantification of western blot and in vitro chemotaxis assay, data shown are means ± SEM of at least three separate experiments. For quantification of animal experiments in vivo, representative data of two or three separate experiments are presented unless otherwise indicated. Assuming Gaussian distribution of overall population of values, P-values were derived by following analyses.

1.  Two-tailed unpaired t-test: [Fig. 1c,e,f,i](#F1){ref-type="fig"}, [Fig. 2e,g,i](#F2){ref-type="fig"}, [Fig. 3f,h](#F3){ref-type="fig"}, [Supplementary Fig. 2b,d,e,h](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 4g](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 7c,e](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 11c,f,g](#SD1){ref-type="supplementary-material"}

2.  Two-tailed paired t-test: [Supplementary Fig. 8c,f](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 9c,e](#SD1){ref-type="supplementary-material"}

3.  One-way ANOVA with Bonferroni post-test: [Fig. 3d](#F3){ref-type="fig"}, [Fig. 4a,c](#F4){ref-type="fig"}, [Supplementary Fig. 4c, f](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}

4.  One-way ANOVA with Dunnett post-test: [Fig. 2d](#F2){ref-type="fig"}, [Fig. 3b](#F3){ref-type="fig"}, [Supplementary Fig. 2f](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 5c](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 12a](#SD1){ref-type="supplementary-material"}
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![SFKs mediate neutrophil wound response\
**a,** Diagram of tail-transection in 3 dpf zebrafish larvae. **b,** Immunofluorescence of pSFK (phosphorylation of SFK activation loop tyrosine) in *Tg(mpx:mCherry)*. mCherry labels neutrophils. **c,** Quantification of fluorescence intensity of pSFK in neutrophils (wound: 40 cells (5 larvae), no wound: 38 cells (7 larvae)). **d,** Immunofluorescence of pSFK in *Tg(mpx:mCherry)* with/without duox morpholino. **e,** RT-PCR of duox mRNA with/without duox morpholino (ef1α is a loading control) and quantification of fluorescence intensity of pSFK in neutrophils (ctrl: 110 cells (13 larvae), duox MO: 98 cells (19 larvae). **f,** Neutrophil recruitment to wounds and fins at 1h post wounding with/without PP2 (DMSO: 25 larvae, PP2: 17 larvae). **g,** Representative pictures of Sudan Black staining. **h,** H~2~O~2~ imaging with HyPer probe with/without PP2. **i,** Under-agarose assay using human neutrophils (n=3). Error bars indicate SEM. Asterisk, P\<0.05, two-tailed unpaired t-test (c,e,f,i). Scale bars: 10 μm (b), 50 μm (d,h)](nihms331892f1){#F1}

![Lyn mediates neutrophil wound responses\
**a,** RT-PCR of SFKs. c-fms and mpx are markers of macrophages and neutrophils respectively and ef1α is a loading control. **b,** In situ hybridization of mpx and lyn mRNA. Green arrowheads: pronephric ducts, purple arrows: neuromasts. **c,** RT-PCR of lyn with/without lyn morpholinos. **d,** Neutrophil wound recruitment with/without lyn morpholinos at 30 minutes post wounding (ctrl: 49 larvae, lyn MO1: 38 larvae, lyn MO2: 50 larvae). Pictures display Sudan Black staining. **e,** The percentage of neutrophils that accumulate at wounds during 30 minutes post wounding (14 larvae each). **f,** Neutrophil tracking for 25 minutes post wounding (29 cells, 6 larvae each). **g,** Neutrophil velocity during wound responses (29 cells, 6 larvae each). **h,** Immunofluorescence of pSFK in *Tg(mpx:mCherry)* with/without lyn morpholino. **i,** Quantification of fluorescence intensity of pSFK in neutrophils (ctrl: 39 cells (4 larvae), lyn MO: 36 cells (5 larvae)). Error bars indicate SEM. Asterisk, P\<0.05, one-way ANOVA with Dunnett post-test (d) and two-tailed unpaired t-test (e,g,i). Scale bar: 50 μm.](nihms331892f2){#F2}

![H~2~O~2~ activates Lyn in a C466-dependent manner\
**a,** Autophosphorylation of Lyn activation loop tyrosine with/without DPI in HEK293 cells. **b,** Quantification of a (n=4). **c,** Autophosphorylation of Lyn mutants in HEK 293 cells. Y506F is a constitutively active mutant as a positive control of pLyn. **d,** Quantification of c (n=3). **e,** In vitro kinase assay of Lyn WT and C466A with/without H~2~O~2~. **f,** Quantification of e (n=6). **g,** In vitro kinase assay of Lyn WT and C466A with/without magnesium. **h,** Quantification of g (n=5). Error bars indicate SEM. Asterisk, P\<0.05, one-way ANOVA with Dunnett post test (b), Bonferroni post-test (d) and two-tailed unpaired t-test (f,h).](nihms331892f3){#F3}

![Lyn regulates neutrophil wound responses in a C466-dependent manner\
**a,** Neutrophil wound recruitment with/without lyn morpholino in *Tg(mpx:lyn-GFP)* and wild-type clutchmates (Lyn-GFP(−)/ctrl: 38 larvae, Lyn-GFP(−)/lyn MO: 29 larvae, Lyn-GFP(+)/ctrl: 26 larvae, Lyn-GFP(+)/lyn MO: 30 larvae). **b,** Representative pictures of Sudan Black staining in a. **c,** Neutrophil wound recruitment with/without lyn morpholino in *Tg(mpx:lyn C466A-GFP)* and wild-type clutchmates (C466A-GFP(−)/ctrl: 41 larvae, C466A-GFP(−)/lyn MO: 41larvae, C466A-GFP(+)/ctrl: 34 larvae, C466A-GFP(+)/lyn MO: 32 larvae). **d,** Representative pictures of Sudan Black staining in c. Asterisk, P\<0.05, one-way ANOVA with Bonferroni post-test (a,c).](nihms331892f4){#F4}
